In this work we present single crystal infrared ͑IR͒ reflectance spectra for the Dy 3 Al 5 O 12 and Er 3 Al 5 O 12 compounds, their corresponding optical constants, as well as a discussion concerning the vibrational, dielectric, and elastic properties of various members of the rare earth aluminum garnet family. In the framework of the rigid ion model, the frequencies of the experimentally unresolved infrared active modes, the IR eigenvectors and the partial phonon density of states have been calculated. The role of the different atomic species in the various regions of the IR vibrational spectrum has been elucidated. In particular, it is found that the rare earth ionic mass plays a crucial role in the low frequency IR modes ͑Ͻ200 cm Ϫ1 ͒, while the high frequency modes are related mainly to the molecular modes of the AlO 4 tetrahedral subunit. From the volume dependence of the IR active mode frequencies, their mode Grüneisen parameters are estimated and discussed. Finally, by using a modification of the semiempirical Brout's formula, the bulk moduli have been determined and are compared to those derived from interatomic potential calculations.
I. INTRODUCTION
Garnets are cubic oxides with space group O h 10 and they are characterized by the chemical formula ͕A 3 ͖͓B 2 ͔ ϫ(C 3 )O 12 , where the different brackets reflect the various oxygen coordination of the cations. 1 The ͕ ͖ indicates eightfold coordination of the A cations while the ͓ ͔ and ͑ ͒ indicate sixfold and fourfold coordination of the B and C cations, respectively. In the case of the rare earth garnets A can be one of the 14 well-known rare earth ions or yttrium while B and C are Al, Ga, or Fe ions or suitable atomic combinations. The unit cell volume of the rare earth garnets decreases with increasing rare earth ion mass, demonstrating the effect of lanthanide contraction because of the imperfect shielding of the 4 f electrons. Rare earth ͑RE͒ aluminum garnets RE 3 Al 2 (AlO 4 ) 3 are synthetic insulators and of great technological importance as host crystal materials for near-infrared solid-state lasers. 2 The single crystal Nd 3ϩ :YAG laser is nowadays certainly the most popular laser with many applications. For example, a polycrystalline Nd 3ϩ :YAG ceramic laser has attracted considerable attention, due to its highly efficient lasing under laser-diode pumping. 3 The Er:YAG and Ho:YAG lasers are already widely used in ophthalmology. Furthermore, rare earth garnets are used as starting materials in microelectronics and acoustoelectronics, 4 optical pressure sensors, 5, 6 optical lenses, 2 optical barrier coatings, 2 and as host crystals for light emitting ions used in optical communication systems. 7 The infrared ͑IR͒ and Raman spectra of the RE 3 Al 5 O 12 compounds contain a large number of modes ͑80 atoms in their primitive cell͒ and, therefore, are useful in gaining a better understanding of this class of materials. Group theory predicts 25 Raman active modes (3A 1g ϩ8E g ϩ14T 2g ) and 17 IR active modes of T 1u symmetry. Long ago, McDevitt 8 recorded the IR transmission spectra of various RE 3 Al 5 O 12 compounds from powder samples. He revealed 15 IR modes while several high frequency peaks were exploited to demonstrate a linear dependence of frequency on unit cell volume. 8, 9 Up to now single crystal IR reflectance data for garnets have not been reported in the literature except for Y 3 Al 5 O 12 . 10, 11 Very recently, we have undertaken a systematic study of single crystal IR reflectance 12, 13 and Raman 14 measurements of various aluminum rare earth garnets, aiming at a deeper understanding of the vibrational characteristics of the garnet compounds. In the past, the association of the IR and Raman bands of the garnet compounds with certain atomic motions has been documented only by the results of factor group analysis in which the tetrahedral AlO 4 units were treated as isolated entities. [15] [16] [17] Recently, we have studied extensively the lattice dynamics of various rare earth aluminum garnets with the rigid ion model. 14 Concerning the Raman eigenvectors, our theoretical calculations reveal 14 that the majority of the Raman modes are not related solely to vibrations of certain molecular units of the RE 3 Al 5 O 12 compounds but rather to a linear combination of them. Nevertheless, the high frequency Raman modes ͑Ͼ670 cm Ϫ1 ͒ seem to exhibit more molecular characteristics, which means, that one can recognize in these modes the molecular vibrations of the tetrahedral ͑mainly͒ and the octahedral units of the garnet structure. Moreover, the strong coupling between the internal and external modes in RE 3 Al 5 O 12 compounds has been confirmed by highpressure Raman measurements. 18 The calculated Grüneisen a͒ Author to whom correspondence should be addressed; electronic mail: ves@auth.gr parameters span a relatively narrow region indicating binding forces between the atomic species of nearly the same magnitude and, consequently, the interpretation of the Raman modes in these compounds in terms of internal and external modes, is a rather rough approximation. The highpressure data indicate that the concept of internal/external modes is very rough and that this concept is only applicable to the high frequency modes.
In this work, we complete the experimental single crystal IR reflectance measurements of the rare earth aluminum garnets, by presenting reflection data for Er 3 Al 5 O 12 and Dy 3 Al 5 O 12 . Furthermore, we discuss various aspects of the vibrational, dielectric, and elastic properties for a number of rare earth aluminum garnet compounds. More specifically, on the basis of the rigid ion model ͑RIM͒, the frequency values of the systematically unresolved experimentally IR modes, the IR eigenvectors, the partial phonon density of states, the influence of the rare earth ion mass, and the dependence of the IR mode frequencies on the unit cell volume are calculated and elucidated. Finally, by using a modification of the semiempirical Brout relations the bulk modulus for various members of the aluminum garnet family are estimated and compared with interatomic potentials calculations. Figure 1͑a͒ shows the expanded reflection spectra for Dy 3 13 The materials studied show a set of three bands in the frequency region 600-800 cm Ϫ1 . These bands are separated by a reflection minimum ͑ϳ600 cm Ϫ1 ͒ from the other spectral features. The spectra are quite similar to Y 3 Al 5 O 12 single crystals 10, 11 and to other members of the rare earth garnets, as is clear from Fig. 1͑b͒ , where for completeness the whole series is depicted.
II. RESULTS AND DISCUSSION
In Figs. 2-4 . The garnet structure consists of a three-dimensional network of polyhedra ͑tetrahedra, octahedra, and dodecahedra͒ having a proper cation at their centers and surrounded by the proper number of oxygen ions. Each oxygen atom is shared by two dodecahedra, one tetrahedron, and one octahedron. In Table I 14 by using as input data the new IR and earlier available Raman experimental frequencies. The shortrange potential is considered as a sum of axially symmetric pair interactions of a Born-Mayer-type ͕V Ј llЈ ͓͉r(l)
, where r͑l͒ is the position vector of the atom in the first primitive cell, V 0 and ϩ Ј are parameters that describe the strength and the range of the repulsive interactions, respectively͒. The two types of force constants, namely, bond stretching and bond bending, which correspond to each atomic pair ͑l,lЈЈ͒ are given, respectively, by the terms
where the subscript eq indicates that the expressions are evaluated at the equilibrium position. The calculated ionic effective charges 1.609e, 2.316e, 1.675e, and Ϫ1.266e for the octahedral Al, Dy, tetrahedral Al, and oxygen, respectively, are slightly different ͑ϳ1%͒ from previous studies, 14 where input IR frequencies were used from powder absorption measurements. 8 The Raman spectra of The RIM model also provides an estimation of the frequency values for the missing IR modes. As can be seen from Table I , these modes are located in the frequency region ϳ100 and ϳ380 cm Ϫ1 . The reason for not being resolved in all compounds studied so far 12, 13 is not clear, but most probably their scattering efficiency is too low and/or they are masked by closely lying strong peaks. The later is more likely for the peak at ϳ380 cm
Ϫ1
, as it lies in the region between the strong peaks at ϳ365 and ϳ385 cm Ϫ1 . This assumption is further supported by the finding in Y 3 Al 5 O 12 where the existence of two additional narrow and weak bands at 178 and 388 cm Ϫ1 has been reported, 10 thus completing the set of the infrared modes for the Y 3 Al 5 O 12 compound. Our theoretical analysis shows that the mode at ϳ380 cm Ϫ1 is not strongly affected by the RE ion mass, in accordance with the small frequency variation of this peak with the RE ion mass ͑see below in the text, and Fig. 7͒ . In the low frequency region ͑Ͻ200 cm Ϫ1 ͒ two modes at ϳ130 and ϳ165 cm Ϫ1 have been observed experimentally for both compounds, while a mode at ϳ100 cm Ϫ1 is predicted theoretically. In the same frequency region Hofmeister et al. 10 reported for YAG three bands at 122, 166, and 178 cm Ϫ1 . Our theoretical findings indicate that the low frequency modes involve significant contribution from the RE motions, and thus a significant redshift is expected in going from YAG to Lu 3 Al 5 O 12 ͑see below in the text͒.
For a deeper insight of the role of various atom/subunit types in the various T 1u modes, we display in Fig. 5 19 which is distorted due to the interactions of the tetrahedra with the neighboring cations. In these modes, the octahedra exhibit motions, causing a significant stretching of the octahedral bonds. Concerning the central region regime, and particularly the TO mode at 574 cm
, it is found that the motions of the oxygen atoms in the tetrahedra reflect greatly the quadrupolar 2 ͑Ref. 19͒ molecular character. On the contrary, the mode at 375 cm Ϫ1 seems to correspond to the rotational vibration of the AlO 4 units around two perpendicular axes, while the octahedra are vibrating in a similar way around another set of perpendicular axes. We mention that the same characteristics are also true for the Raman modes in the same frequency region.
14 Furthermore, we point out that the contribution of the RE atom displacements to the modes in these regions is highly suppressed. The modes in the low frequency part of the spectrum ͑Ͻ300 cm Ϫ1 ͒ are very complicated, because of the strong coupling of the various polyhedra, and correspond to molecular mode mixtures from the various polyhedra in the garnet structure.
The vibrational character of the RE 3 Al 5 O 12 compounds, namely, which atomic species motions dominate in certain frequency regions can be further elucidated by means of the partial phonon density of states ͑PDOS͒. The PDOS g () for the th atom associated with the eigenvector e ( j,q) represents the contribution to the frequency distribution arising from various atomic species and is defined by the expression
where A is a normalizing constant, j (q) is the phonon frequency of the jth normal mode with wave vector q. As an example, the calculated total and partial one-phonon density of states for the case of Yb 3 Al 5 O 12 is shown in Fig. 6 . The PDOS obtained is typical for the RE 3 Al 5 O 12 compounds owing to their structural similarities. The PDOS was calculated using the model parameter values of Ref. 14 and a sampling of the dispersion surfaces over a fine mesh ͑40ϫ40ϫ20͒ in the irreducible part of the Brillouin zone ͑BZ͒, producing a total number of about 770 000 points in the whole BZ. The displayed spectra have been convoluted with a Gaussian function of full width at half maximum of 30 cm Ϫ1 in order to simulate a typical instrumental resolution function. We note that for direct comparison with inelastic neutron experimental data the calculated PDOS must be weighted with the neutron scattering length of the constituent atoms.
From Fig. 6 it is clear that the contribution of the RE ions is restricted in the low frequency regime, up to 200 cm Ϫ1 in full agreement with eigenvector considerations. Concerning the contribution of the Al atoms, the Al oct ions are mainly involved in vibrations in the spectral range ϳ150-650 cm Ϫ1 , while Al tetr dominate in modes vibrating in the regions of ϳ100-400 and ϳ700-900 cm Ϫ1 . Finally, the contribution of the oxygen atoms is significant in the whole frequency region except for the region ϳ0-150 cm Ϫ1 . In terms of certain bonds, the calculated PDOS can be interpreted. In the region above 700 cm Ϫ1 the contributions are mainly due to the Al tetr -O stretching modes. Also, a small contribution from the Al oct -O stretching modes is also present. The calculated PDOS for the rare earth aluminum garnets is very similar with the experimental 20 and computed PDOS ͑Ref. 21͒ for aluminosilicate garnets like almandine, pyrope, grossular, and spessartine (M 3 Al 2 Si 3 O 12 , where MϭFe, Mg, Ca, and Mn, respectively͒. The frequency gap shown by the density of states ͑Fig. 6͒ in the region 640-690 cm Ϫ1 is in agreement with the absence of IR and Raman peaks in the experimental data, supporting thus, to a certain degree, the correctness of our model.
The effect of the RE cation mass on the calculated phonon frequencies can be studied by varying the RE ion mass ͓e.g., by considering the sequence from Lu ͑174.97 a.u.͒ to Y ͑88.90 a.u.͒ in aluminum garnets͔. Our analysis shows that the transverse IR active mode frequencies with Ͼ450 cm Ϫ1 do not depend on the mass of the RE ion, in contrast to the three low frequency modes Ͻ200 cm Ϫ1 , which exhibit the strongest dependence on RE ion mass. To verify this, we applied our model in Lu 3 Al 5 O 12 , where we just replaced the mass of the lutetium ion with the mass of yttrium and kept all the remaining parameters constant. We found that the three low frequency modes at 98, 122, and 163 cm Ϫ1 were shifted to 128, 155, and 178 cm Ϫ1 , respectively. These values compare very well with the experimental values at 122, 166, and 178 cm Ϫ1 , reported by Hofmeister et al. 10 for YAG. The influence of the RE ion mass on the Raman peaks 14 is very similar to that on IR modes and can be summarized as follows: ͑i͒ the frequencies of the 3 A 1g symmetry modes are unaffected by the mass variation; ͑ii͒ the low frequency E g mode ͑ϳ130 cm Ϫ1 ͒ exhibits a strong mass dependence ͑ϳ16% variation͒, the modes in the frequency region below 500 cm Ϫ1 show a small dependence Ͻ6%, and the high frequency modes are unaffected by RE mass changes; and ͑iii͒ the low frequency T 2g modes ͑Ͻ200 cm Ϫ1 ͒ exhibit the largest ͑ϳ30%͒ redshift as the RE mass increases while the modes Ͼ300 cm Ϫ1 remain unaffected. Overall, our theoretical findings show clearly that the RE mass effect is secondary for the high frequency vibrational modes and of significant magnitude for the low frequency modes of the rare earth aluminum garnet family.
The dependence of the experimental TO and LO peak positions in the rare earth aluminum garnet series is depicted in Fig. 7 . This dependence can be considered as the volume dependence of the ''representative'' IR frequencies on the unit cell volume. The term representative refers to the fact that in addition to the volume change, the individual character of each compound contributes. However, as only the RE atom changes along the series, the main contribution is expected to originate from the volume change. This seems to be the case, at least for the high energy modes, as discussed in the previous paragraph, allowing us thus, to get a first estimation of the volume dependence of the IR modes in these materials. The crosses ͑ϩ͒ and ϫ correspond to the high frequency Raman measurements.
14 From Fig. 7 , a linear correlation of frequency with the unit cell volume is apparent. In particular, all the modes in the frequency region 380-800 cm Ϫ1 exhibit the expected redshift with increasing volume, with the high frequency modes ͑700-800 cm Ϫ1 ͒ being shifted at a rate approximately three times larger than the rest. On the other hand, the modes with frequencies Ͻ360 cm Ϫ1 show blueshift with volume increase at much lower rates. This behavior is clearly reflected in the corresponding mode Grüneisen parameters ␥ i ϭϪ(‫ץ‬ ln i ‫ץ/‬ ln V) values, listed in Table II . The IR ␥ i parameters span a relatively narrow region ͑similar to those determined from Raman measurements͒, suggesting that the binding forces are of the same nature and order of magnitude and that the binding strength between the various molecular units is very comparable. At this point, we should notice that the observed shift with volume has to be ascribed to the increase of the bond strength in the various subunits and obviously not to the RE ion mass change along the sequence. The frequency dependence along the series has been used in the past for assigning them to various molecular groups. For example, Mc Devitt, 8 based on the results of Euler and Bruce, 22 proposed that with volume decrease, the tetrahedral and octahedral Al-O distances remain quite constant while the RE-O distance varies through the series; the high frequency modes were, therefore, assigned to the motion of the oxygen ions associated with the dodecahedral rare earth ions. His assignment opposes that of Tarte, 23 who assigned these bands to the isolated AlO 4 tetrahedral units. In the next section, we discuss in more detail the origin of the observed frequency shifts along the sequence.
As mentioned above, the IR modes in the frequency region Ͼ500 cm Ϫ1 exhibit significant molecular characteristics. Furthermore, our lattice dynamics calculations 14 show that the high frequency Raman modes ͑Ͼ500 cm Ϫ1 ͒ may be interpreted in terms of the molecular motions of the tetrahedral (AlO 4 ) and to a lesser degree of the octahedral (AlO 6 ) molecular subunits. A characteristic case is the Raman mode at ϳ777 cm Ϫ1 , which corresponds to the breathing mode of the tetrahedra and octahedra of the garnet structure, vibrating in antiphase to each other ͑expansion tetrahedra contraction of the octahedra͒. In particular, the smaller Al-O separation in the tetrahedra ͑1.77 Å͒, and the somewhat larger separation in the octahedra ͑1.94 Å͒, in contrast to that associated with the dodecahedra ͑2.30 Å͒, indicates stronger metal oxygen bonding in the tetrahedra; a result that is well supported by the values of force constants in the various garnet compounds. [12] [13] [14] The aspect, that the high frequency modes should have mainly a tetrahedral and an octahedral molecular character, is further supported by the calculated PDOS. Finally, the effect of the unit cell size on the mode frequencies can be understood in terms of networking of the three types of polyhedra present in the garnet structure. As mentioned above, in the garnet structure each oxygen belongs to two dodecahedra, one octahedron, and one tetrahedron. Both the tetrahedron and octahedron share edges with the dodecahedron ͑see Fig. 5͒ . Consequently, as the crystal volume decreases, contraction of the dodecahedron can be accommodated by a distortion of the tetrahedra and octahedra through their common edges. This effect results in an increase of the restoring forces for the Al-O bonds in the tetrahedra and the 
In Table III are listed the values for the ratio ⑀ 0 /⑀ ϱ derived from the experimental and theoretically calculated LO and TO . For the sake of comparison in the following discussion, corresponding data for other rare earth garnets 12, 13 are included in Table III . The theoretical values are systematically lower than the corresponding experimental ones, but in view of the complexity of the structure, the agreement between theoretical and experimental results can be considered as satisfactory. Furthermore, the values of ⑀ ϱ agree well with the ones obtained independently from measurements of the refractive index in the visible region. 26 For Y garnets, 10 a value around 10 is found for ⑀ 0 , which seems to be correct also in the case of aluminum garnets, if we consider our theoretical ⑀ 0 /⑀ ϱ ratio values. The experimental values for ⑀ 0 , obtained through the Kramers-Kronig analysis of the reflectance data, is by a factor of 2 smaller than the theoretical ones, obviously because of low limit restrictions in our measurements. The difference between the optic and static dielectric constants (⑀ 0 Ϫ⑀ ϱ )ϳ6 indicates a rather mixed character in the bond strengths of the whole crystal class. This has to be attributed to the presence of various types of bonds and to the strongly coupled polyhedra present in the garnet structure.
The knowledge of the zone center phonon frequencies ͑mainly, IR and Raman frequencies͒ along with the structural parameters can be exploited for an adequate estimation of the elastic properties of cubic crystals. 27 According to this model, 27 which is a generalization of Brout's formulation for diatomic cubic crystals for any cubic solid, the bulk modulus, K T , of the garnet crystal can be estimated from the expression
where V c is the unit cell volume, r is the cation-anion bond length, m is the atomic mass, and i are the zone center phonon frequencies. The subscripts tetr, oct, and dod refer to the tetrahedral ͑Al͒, octahedral ͑Al͒, and dodecahedral ͑RE͒ cations and the o to the oxygen anions. The sum is over the total number of the zone center phonon frequencies. Equation ͑2͒ is derived under the following assumptions: ͑i͒ the atoms in the crystal are considered as rigid ions; ͑ii͒ a pairwise central repulsive potential acts between them; and ͑iii͒ only electrostatic forces act between like ions ͑those at equivalent positions͒. 27 Obviously, the first two conditions are well satisfied by our model, while the same is true for the third one due to the large size of the garnet primitive cell. For the garnet structure a large number of zone center modes are silent (5A 2g ϩ5A 1u ϩ5A 2u ϩ10E u ϩ14T 1g ϩ16T 2u ) and have not been investigated through inelastic neutron measurements so far. Consequently, values calculated by using the rigid ion model zone center frequencies give us the opportunity to estimate the Brut sum and the bulk modulus. In Table IV , the Brut sums are shown along with bulk moduli values, determined by using as input in Eq. ͑2͒ the zone center phonon frequencies, estimated theoretically with the If we take this discrepancy as a measure of the accuracy of Eq. ͑2͒, we see that it overestimates K T by about 20%. However, by considering the simplicity of the model and the high degree of complexity of the garnet structure, the results are quite satisfactory and give a first estimate of the magnitude of the bulk modulus of the garnet compounds, as well as the trend within the series. Note that the bulk modulus increases as the unit cell volume of the garnet structure decreases, e.g., it exhibits the same trend as the high frequency modes, demonstrating in a way their dominant contribution.
As a further step in estimating the elastic properties of the aluminum garnets ͓using the GULP ͑Ref. 30͒ algorithm͔, we used the Born-Mayer potential parameters and the effective charge values of various RE 3 Al 5 O 12 compounds obtained by the RIM model [12] [13] [14] to calculate the elastic constants. The elastic constant matrix has been calculated from the second derivative of the energy density with respect to external strain. The compatibility between the two models has been tested by calculating the one-phonon density of states for various compounds. Due to the cubic symmetry of the garnet structure, the elastic constant matrix elements that have to be estimated are C 11 , C 12 , and C 44 . The values of the elastic constants and the bulk modulus K T ϭ(C 11 ϩ2C 12 )/3 so derived are summarized in Table V . We also test our results using YAG. The obtained bulk modulus value is underestimated by ϳ16%. Concerning the trend within the family, the same trend is found as with the generalized Brout formula. In view of the complexity of the crystal structure of this class of materials and the absence of any experimental data, we believe that the calculated bulk modulus values from both models are satisfactory with their average value being very close to the actual value.
III. CONCLUSIONS
In conclusion, we have investigated the IR reflectance of the Dy 3 Al 5 O 12 and Er 3 Al 5 O 12 compounds and discuss the vibrational and elastic properties of a large number of rare earth aluminum garnet compounds. In particular, the role of the different atomic species in the various modes has been elucidated. Furthermore, the crucial role of the RE atom in the low frequency modes and its negligible contribution to the high frequency vibrations has been clarified. The failure of the description of the various modes in garnets in terms of the modes of molecular subunits is clearly shown and discussed. From the volume dependence of the IR active modes the corresponding mode Grüneisen parameters are calculated and discussed in terms of the crystal structure. Finally, the elastic constants and the bulk modulus for most family members are estimated. 
